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Abstract 
CO2 storage in deep geological structures is considered to be a promising method for the mitigation of CO2 emission. 
Estimation of the capacity of a geological reservoir is of great importance. Core level study of CO2 storage 
mechanism and estimation of CO2 storage capacity at laboratory scale have shown to be great helpful for CO2 
geological storage studies. 
This paper is proposed against the background of long term and safe storage of CO2 in deep saline aquifers. 
Experiments for CO2 storage in glass beads bed were inducted at laboratory scale. Quartz beads were filled and 
packed tightly in the imaging vessel. Gaseous CO2 was then injected into the sample at a constant flow rate and 
saturated water was driven out. Two CO2 injection directions in the vessel were chose, namely upwards and 
downwards to observe the effect of buoyancy. Three dimensional scans were carried out using a micro focus X-ray 
CT system to investigate the distribution of CO2 in sandstone cores. 
Digital cores of those samples were obtained after a series of imaging processing of media filtering, rescaling, and 
thresholding. Then a maximal ball (MB) algorithm was used to extract the equivalent pore networks. The parameters 
of the pore networks, such as coordination number, size distributions and shape factors of pore and throat were 
computed. Gas channeling phenomena was obviously found in water saturated beads bed while CO2 was injected 
upwards during displacement experiments. A short breakthrough time resulted in low sweep coefficient and only 
about 10% of saturated water was displaced. Nevertheless, about 80% of saturated water could be driven out and 
displaced by CO2 while it was injected downwards. Storage capacity of residual trapping was enhanced while CO2 
was injected downwards along the beads bed. X-ray micro CT was proved to be an effective technique for the 
investigation of CO2 storage in core sample and a novel method for the estimation of CO2 storage capacity. 
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1. Introduction 
It has been widely concerned about the impacts on global climate changes caused by CO2 green-house 
gas emission. CO2 capture and storage (CCS) is one of the most promising technologies for the mitigation 
of CO2 emission to the atmosphere. Geological and oceanic repositories are the two major options for the 
storage of CO2 captured from the emission sources such as power plants or steel industry[1,2]. Saline 
aquifers have the largest potential capacity to store CO2, possibly on the order of 104Gt CO2[3]. It could 
provide enough capacity for storage of hundreds of years or more of today’s CO2 emissions from fossil 
fuel use if this large capacity is available. Estimation of the capacity of a saline aquifer formation is of 
great importance although it is not a straightforward process. Some researchers have tried to make 
simplistic estimates at the basin scale by numerical simulation methods[4-6]. These methods based on 
various hypotheses are usually unsuccessful as shown by widely conflicting results. Heterogeneity of the 
reservoir stones makes great difference in many properties such as permeability, wettability, capillary 
force, etc[7]. Core level experimental and numerical study of CO2 storage mechanism and estimation of 
CO2 storage capacity at laboratory scale have shown to be great helpful for CO2 geological storage 
studies.  
In this article, we present two sets of steady-state CO2 and water two-phase flow experiments in glass 
beads bed. X-ray CT scanning was used to obtain slice images of the porous media. Three dimensional 
pore networks were built based on the images of X-ray CT scanning. Digital cores of those samples were 
obtained after a series of imaging processing of media filtering, rescaling, and thresholding. Then a 
maximal ball (MB) algorithm was used to extract the equivalent pore networks. The parameters of the 
pore networks, such as coordination number, size distributions and shape factors of pore and throat were 
then computed. CT images were analyzed to determine the porosity and CO2 saturation. 3-D models of 
CO2 distribution were reconstructed to describe the flow characteristics of CO2 in water saturated glass 
beads bed. Results showed that higher displacement coefficient occurred when CO2 was injected 
downwards than upwards. Buoyancy of gaseous CO2 caused channeling phenomena and short 
breakthrough time in water saturated glass beads bed. Residual saturation analysis showed that about 80% 
of saturated water could be displaced by CO2 when injected downwards nevertheless only about 10% of 
saturated water was displaced when CO2 was injected upwards. 
2. Materials and methods 
2.1. Description of the experimental setup 
The schematic of this experiment system is shown in Figure 1. Main apparatus contain an InspeXio 
SMX-225CT (Shimadzu, Japan), a high pressure vessel for CT scan, an injection pumps and a 
backpressure controller. SMX-225CT has a maximum resolution of 4 m which can provide a means to 
study the three-dimensional (3-D) internal microstructure of the sample without any intrusion. In 
combination with adequate software, automatic image processing of the 2-D and the 3-D images can be 
performed in limited time. The high pressure imaging vessel (self-designed and manufactured by Hai-an 
oil research instruments, Ltd. China) was made of non-metal material polyimide and with a maximum 
working pressure of 10MPa. It was designed to contain three main parts, an inner tube of 15mm inner 
diameter and 4.5mm wall thickness, an outer tube of 38mm outer diameter as well the inlet and outlet 
connectors. FluorinertTM FC-40 flowed in the jacket between the inner and outer tube to control the 
temperature of the imaging samples. The temperature of samples in the vessel was controlled by an F-
25ME type fluorinert circulator (Julabo, Inc. Germany) with a temperature control range of -45 to 200°C 
and the precision of ±0.5°C. A thermocouple was inserted into the jacket to measure the temperature. The 
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design draft and photograph of this vessel are shown in Figure 2. Gaseous CO2 of 99.9% purity from the 
gas cylinder was cooled down and compressed into liquid by the glycol bath and supercritical fluid pump. 
Two middle containers for water and CO2 injection were built up in an air bath box. A 260D pump (ISCO, 
Inc. USA) and its accessories were for fluid injection with the minimum flow rate of 0.01ml/min. Both 
CO2 and water could be injected separately by using the inlet pump and the two containers. Temperature 
in the air bath box was controlled by a heater blower. Backpressure was controlled by a BP-2080M 
(JASCO, Inc. Japan) backpressure regulator. All the pipes were 3mm stainless steel tube wrapped with 
insulation covering to reduce the heat loss from injected fluid to atmosphere. 
 
CO2
water
P
air bath
P
P
thermostat
CT
CT image processor
CO2
brine
vessel
pump
stagebackpressure
controller
 
Fig. 1. Schematic of micro CT experiment system for CO2 storage in core 
 
 
 
Fig. 2. Design draft and photograph of CT imaging vessel 
2.2. Experimental materials 
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In our experiments glass beads were filled into the inner tube of the imaging vessel and packed tightly 
to form glass beads beds. Four kinds of glass beads with different diameter ranges from 0.05 to 3.5 mm 
were used for pore network analysis and one kind namely BZ02 was used for CO2 displacement 
experiments. Their diameter ranges were listed in Table 1. CO2 was industrial product with 99% purity. 
Deionized water was used as the liquid phase to be displaced by CO2.  
Table 1. Diameter ranges of glass beads beds 
Properties Diameter ranges(mm) 
BZ06 0.050-0.070 
BZ1 0.900-1.397 
BZ2 1.600-2.500 
BZ3 2.600-3.500 
BZ02 0.177-0.250 
2.3. Procedure 
Before the CO2 displacement experiments CT scan was performed to BZ06, BZ1, BZ2 and BZ3 beads 
beds to obtain their pore networks. The median filter was used to replace the gray scale value of a voxel 
by the median value of the nearest 26 surrounding cells. And then a threshold value based on the isodata 
algorithm[8] was chosen to binarize or segment the gray scales into two phases, solid and void. At last, 
those binary images were rescaled and normalize to be digital cores with the size of 580×580×100. 
Reconstructed images of digital cores of these three kinds of beads beds were obtained after rescaling, 
median filtering, and segment as shown in Figure 3. 
the pore network extraction algorithm used to extract a topologically equivalent network of pores and 
throats from 3D micro-CT images is the maximal ball algorithm, which is the principal one among all the 
pore network extraction algorithms. The concept of maximal balls was firstly used by Sillin et al.[9] to 
study the morphology of 3D pore-space images for the identification of pores and throats. 
 
    
 
    
                              BZ06                                  BZ1                                     BZ2                                     BZ3 
Fig.3. the reconstructed images and obtained digital cores of four BZ sand packed samples. 
In our experiments the temperature was set to 30°C and the pressure was set to 3.0MPa for gaseous 
CO2 displacement. BZ02 glass beads were filled into the imaging vessel and packed tightly to form a 
cylindrical porous media sample 15mm in diameter and 200mm in length. Deionized water was injected 
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into the glass beads pack for full saturation. Then CO2 was injected at a preset flow rate of 0.1ml/min 
from upwards or downwards.  
All the images were acquired with standard CBCT (cone beam CT) scan. The source to object distance 
(SOD) was 125mm and the source to image distance (SID) was 600mm. The field of view (FOV) in XY 
direction was 25.8x25.8mm. Image matrix was 512x512pixels, and thus the spatial resolution was 
approximately 0.05mm/pixel. All 225 slices of 12.9mm length along the Z direction of vessel were 
obtained. CT scan was begun automatically as CO2 was just injected. Porosity of beads bed was 
calculated with the following equation[10], 
airwaterbulk
drysaturatedwater
CTCT
CTCT
_
_                                                          (1) 
CTwater_saturated and CTdry represented the CT image intensity of water saturated sample and the CT 
image intensity of dry sample. CTbulk_water and CTair represented the CT image intensity while the vessel 
was fully filled with water and the CT image intensity of empty vessel. CO2 saturation can also be 
calculated using 
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CTCO2_displacement, CTwater_saturated and CTCO2_saturated represented the CT image intensity while it reached a 
steady state after CO2 displacement of water, the CT image intensity of water saturated sample and the 
CT image intensity of CO2 saturated sample under the same pressure and temperature conditions.  
3. Results and discussion 
3.1. Pore network extraction 
The pore network extraction procedure was implemented using C++ language. The output files of pore 
network by the maximal ball algorithm are two link files with the information of throats and two node 
files with the information of pores. Those data files are extracted to be a command text file for viewing 
the ball-stick network by inputting it to the Rhinoceros 4.0 software. The four extracted pore network of 
sand packed samples are shown in Figure 4. The properties of the extracted networks are listed in Table 2.  
 
                                                    BZ-06                                                            BZ-1 
 
                                                      BZ-2                                                          BZ-3 
Fig.4. the extracted pore network of four beads beds. 
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Table 2. Pore network properties of four kinds of beads beds 
Properties BZ-06 BZ-1 BZ-2 BZ-3 
Porosity(%) 38.7 39.8 39.9 40.2 
Number of pores 2495 241 62 40 
Number of throats 9684 784 172 108 
Ave. Coord. No. 7.69 6.34 5.26 5.05 
Max. Coord. No. 30 20 14 14 
Average pore radius(mm) 0.124 0.26 0.385 0.450 
Max pore radius(mm) 0.285 0.51 0.865 1.00 
Average throat radius(mm) 0.056 0.126 0.184 0.225 
Max throat radius(mm) 0.220 0.422 0.623 0.650 
3.2. Porosity analysis 
CT images along the length direction of BZ02 beads bed were also taken. Porosity of each slice can be 
calculated using equation (1). Cross sectional and 3D reconstruction images (in Figure 5) showed that 
beads bed had an approximate homogeneity porosity distribution from 0.370 to 0.374. The effective 
porosity was measured to be 36.8% for BZ-02 with the traditional gravimetric method.  
 
 
Fig.5. Cross sectional images and axial porosity distribution of BZ02 beads bed 
3.3. CO2 displacement characteristics in water saturated beads bed 
We can find CO2 “channeling” or “fingering” phenomena obviously in the case of gaseous CO2 
displacement in BZ02 while CO2 was injected upwards as shown in Figure 6. Break through time of 
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gaseous CO2 was about 16 minutes since CO2 plume appeared in the bottom of the FOV until it reached 
the top of the FOV.  
 
                                                                                                                                                                                                    
Fig.6. 3D images of CO2 distribution in beads bed.  
Mean CT image intensity distribution in FOVs of each slice was obtained from CT images. CO2 
residual saturation profile during the displacement procedure can be estimated using equation (2) as 
presented in Figure 7. Results showed that CO2 injection upwards caused low displacement efficiency 
because gaseous CO2 breaks through early and make channels in the beads bed. Channeling of gaseous 
CO2 decreased the sweep efficiency in beads bed thus it resulted in a low CO2 residual saturation.  
Otherwise, much higher displacement efficiency up to about 80% was gained while CO2 was injected 
downwards. 
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Fig.7. CO2 residual saturation profile along the beads bed during the injection 
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4. Conclusions 
The Micro-CT scanner has been used to provide sufficient spatial resolution to image the pore space of 
sand packed beds. The maximal ball algorithm was used to extract topologically equivalent pore networks 
of the beads bed samples from the digital cores. The parameters of the pore networks, such as 
coordination number, size distributions and shape factors of pore and throat are computed. The results 
demonstrate that the maximal ball method can extract reasonable and faithful pore network.  
An experimental investigation on gaseous CO2 displacement of saturated water in glass beads pack 
was carried out. Channeling or fingering phenomena was obviously found in gaseous CO2 displacement 
because the buoyancy. About 80% of saturated water was displaced by CO2 while it was injected 
downwards. Nevertheless, only about 10% was displaced while CO2 was injected upwards. Storage 
capacity of residual trapping was enhanced while CO2 was injected downwards along the beads bed. 
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